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Abstract 
Carbon dioxide capture and storage (CCS) is anticipated to be an important component of reducing 
worldwide CO2 emissions from stationary point sources, such as coal-fired power plants.  One of the 
most important challenges to the widespread implementation of CCS is the cost and energy associated 
with the separation of CO2 from flue gas.  Aqueous amines and ammonia are being demonstrated by 
several groups for CO2 capture in a temperature swing cyclic process.  Solid sorbents can also be used in 
a similar temperature swing process, but have the potential to reduce the overall costs related to CO2 
capture by reducing the energy required to release the CO2 during material regeneration due to less 
evaporation of water and lower specific heat capacity.  In addition, laboratory experiments conducted to 
date have demonstrated that a greater CO2 working capacity (defined as the difference between the CO2 
loading at adsorption conditions and CO2 loading at regeneration conditions) can be achieved versus 
those reported for aqueous monoethanol amine (MEA) temperature swing systems, using commercially 
available sorbents.  However, such CO2 working capacities on dry sorbents have yet to be demonstrated 
beyond the lab- and bench-scale.  Therefore, while most development efforts are directed toward sorbent 
development, ADA Environmental Solutions (ADA) has focused on development and demonstration of 
the related process and equipment. 
Several different reactors utilized for gas/solids contacting were considered by ADA for the CO2 
adsorption and sorbent regeneration.  The reactors evaluated included: fixed beds, transport reactors, 
moving beds, trickle down reactors, and staged fluidized beds.  Working with engineers from Shaw 
Energy & Chemicals (now part of Technip, a world leader in project management, engineering, and 
construction for the energy industry), ADA selected staged fluidized beds for adsorption and a single 
fluidized bed for regenerating the sorbent; this decision was mainly based on optimizing heat transfer in 
the system.  A majority of the project funds are being provided by the DOE National Energy Technology 
Program (formerly referred to as the Innovations for Existing Plants 
Program). 
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1. Introduction 
 Carbon dioxide capture and storage (CCS) can be an important component of reducing worldwide 
CO2 emissions from stationary point sources, such as coal-fired power plants [1-3].  One of the most 
important challenges to the widespread implementation of CCS is the cost and energy associated with the 
separation of CO2 from flue gas.  Aqueous amines and ammonia are being demonstrated by several 
groups for CO2 capture in a temperature swing cyclic process.  Solid sorbents can also be used in a 
temperature swing adsorption (TSA) process, but have the potential to reduce the overall costs related to 
CO2 capture by reducing the energy required to release the CO2 during regeneration.  Much of the 
regeneration energy for aqueous-based CO2 capture is related to the evaporation of water during the 
regeneration [4].  Using dry sorbents can significantly reduce or even eliminate this energy penalty, 
sorbents is significantly less than that of aqueous solutions.  Laboratory experiments conducted to date 
[5] have demonstrated that a greater CO2 working capacity (defined as the difference between the CO2 
loading at adsorption temperature and CO2 partial pressure and the CO2 loading at regeneration 
temperature and partial pressure  defined below) can be achieved compared to the reported values for 
aqueous MEA systems, using commercially available sorbents, but such working capacities have yet to 
be demonstrated beyond the lab-scale. 
The adsorbent and process in which it is used cannot be decoupled during the development of the CO2 
capture system/process.  For example a sorbent with an exceptional CO2 working capacity (i.e. >10 g 
CO2/100 g fresh sorbent) will not approach this loading if used in a process with poor gas/solids 
contacting or poor heat transfer.  In addition, even if the regeneration energy of a sorbent is particularly 
low, if it is used in a system where the pressure drop consumes a prohibitive amount of parasitic power, 
then CO2 capture will not be cost effective.   
The first steps of the development program were to focus on the sorbents.  Through research funded 
by ADA Environmental Solutions (ADA), and a research program funded by the U.S. Department of 
Energy National Energy Technology Laboratory and several industry partners, nearly 250 different 
sorbents were evaluated at the laboratory scale.  During DOE-sponsored tests, a reactor designed to treat 
an equivalent of 1 kWe slipstream of flue gas was built and operated to compare the best materials.  
Activated carbon and supported amine sorbents demonstrated promising performance.  These materials 
were further compared using thermogravimetric analysis and results indicated that supported amines were 
more promising (the selection of supported amines is discussed in more detail in subsequent sections).   
A new reactor concept was developed that incorporates staged fluidized beds for adsorption and a 
single fluidized bed for regeneration to take advantage of the promising properties of supported amine 
sorbents.  ADA is currently finalizing the detailed design for a 1 MWe slipstream pilot to assess the new 
process design concept.  Both the sorbent and the process details are of key concern.  While the overall 
process could be applied to more than just the selected sorbent, the 1 MWe pilot is being designed based 
on specific sorbent properties.  The objectives of this manuscript are to explain why supported amine 
sorbents were selected as the basis for scale-up, share key sorbent characteristics including the working 
CO2 capacity, and explain the rationale behind the reactor design selected. 
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bCO2 Langmuir parameter 
b0 Langmuir constant 
Cp sorbent specific heat capacity, kJ/kg·K 
dp particle diameter, mm or m 
H enthalpy of adsorption, kJ/mol CO2 
hc,hw overall heat transfer coefficient at the wall of the heat exchange surface, W/m2·K 
kp sorbent thermal conductivity, W/m·K 
m mass of sorbent per mass of CO2 (inverse of working capacity), g sorbent/g CO2 
Nu Nusselt number 
PCO2  CO2 partial pressure, bar 
R ideal gas constant, J/mol·K 
Rep particle Reynolds number 
q CO2 loading, g CO2/g sorbent 
qs CO2 loading when all sites are full, g CO2/g sorbent  
Qads heat removal requirement during adsorption step 
T temperature, °C 
T difference between adsorption and regeneration temperatures, °C 
TSA temperature swing adsorption 
f flue gas density, kg/m3 
f flue gas viscosity, centipoise 
2. CO2 Capture via Temperature Swing Adsorption 
2.1. Assumptions 
When embarking on the development of a post-combustion CO2 capture process it is necessary to 
begin with a set of assumptions.  For the work discussed in this manuscript, many of the assumptions 
were provided from the U.S. Department of Energy (DOE) [6], including 
 The gas stream from which CO2 will be removed is representative of that from a coal-fired power 
plant with PCO2 = 0.13 bar and T = 55°C. 
 90% CO2 capture is required 
 
Assumptions not specifically provided by the DOE included: 
  20°C 
 The difference between the adsorption temperature and the cooling water temperature must be  15°C 
 The minimum superficial velocity of the flue gas will be limited to  1.2 m/s (4.0 ft/s) to minimize the 
number and footprint of reactors, and thus capital costs 
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 Pneumatic conveying will be utilized for all required material conveying to increase reliability, 
decrease operating and maintenance costs, and increase technology acceptance 
 The maximum exhaust pressure for regeneration is approximately ambient pressure.  For liquid 
systems, higher pressure can be attained due to the seal created by liquids.  Operating a regenerator at 
significantly higher pressure than the adsorber would be extremely difficult using solids.  
 
In addition to the assumptions and requirements listed above, it was assumed that the overall driver 
(not energy penalty) for selecting a CO2 capture process would be overall cost.  Therefore, the capital cost 
and cost due to the energy penalty must be considered simultaneously.  Experimental measurements and 
cost calculations have been completed to select a specific adsorbent and CO2 capture process based on 
temperature swing adsorption.  
2.2. Adsorbents for TSA 
There are several potential classes of sorbents that could be viable for post-combustion CO2 capture, 
such as zeolites, activated carbons, hydrotalcites, supported amines, supported carbonates, functionalized 
metal organic frameworks, etc. [7]  Each adsorbent type has demonstrated unique properties that could be 
beneficial for CO2 capture, although most have also demonstrated technical, environmental, or economic 
limitations that require further development. 
Selecting the optimal sorbent characteristics for successful implementation across the coal-fired power 
sector requires consideration of several factors.  Furthermore, it is not a simple task to quantitatively 
compare different adsorbents using laboratory tests in a manner that can be extrapolated to inform long-
term full-scale decisions.  Criteria for comparison can be developed, based on fundamental 
considerations. 
At the simplest level, the minimum specific energy can serve as a criterion, as discussed by Berger 
and Bhown [8] where the minimum specific theoretical energy for chemical and physical adsorbents was 
systematically modeled using Langmuir isotherms.  They found that there was a minimum specific 
theoretical energy at a given regeneration temperature.  This work reported that the minimum specific 
energy for adsorption based CO2 capture was attainable by an adsorbent with an enthalpy of adsorption of 
-64 kJ/mol CO2 and a regeneration temperature of 160°C.  Note that the minimum specific energy 
increased rapidly when the enthalpy of adsorption approached -25 kJ/mol CO2 (approximately that for 
some physical adsorbents [9]).  Although the minimum specific energy identified could theoretically be 
attained by a supported amine material (based on the enthalpy of adsorption previously mentioned) a 
regeneration temperature of 160°C is too high because it will lead to amine decomposition [10].  
Fortunately, the minimum specific energy was relatively flat within the enthalpy range of -50 to -75 
kJ/mol CO2.  Therefore, selecting a supported amine with a slightly higher enthalpy of reaction will allow 
for a lower regeneration temperature without a significant change in the minimum theoretical 
regeneration energy. 
In addition to the Langmuir-based calculations of the specific minimum energy, maximizing the CO2 
working capacity is important to minimize the sorbent conveying requirements.  It should be mentioned 
that in additional to the Langmuir-based calculations of the specific minimum energy, CO2 isotherms 
were experimentally measured using thermogravimetric analysis for several supported amine and 
activated carbon adsorbents.  Although a detailed comparison of many different adsorbents is outside the 
focus of this manuscript, the final conclusion can be shared: at the assumed ranges of partial pressure and 
temperature (i.e. adsorption at 40°C, PCO2~0.12 to 0.2 bar in the case of pressurized flue gas, regeneration 
°C and PCO2  supported primary amines demonstrated the largest working CO2 capacity, 
which is also consistent with what has been reported for aqueous amine systems [9].   
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In addition to CO2 working capacity, there were several practical considerations, which in many cases 
are difficult to quantify, that were also used to select a final sorbent as the basis for process development 
including: 
 Reaction kinetics 
 The quality of the steam necessary for regeneration 
 The uptake of moisture (also measured using thermogravimetric analysis) 
 Physical properties:  
 Resistance to attrition (qualitatively measured using jet cup attrition) 
 Particle size 
 Particle shape 
 Particle density 
 Sorbent cost 
 
Based on the evaluation of the criteria outlined above for a great many different sorbents tested in 
, an ion exchange resin with a primary benzyl amine was selected as the basis of design.  
It is important to note that other supported amine sorbents with similar enthalpy of adsorption and 
physical properties could also be used in the same process without major equipment changes.  Key 
analysis of the sorbent is discussed in the results and discussion section. 
2.3. Process and Equipment Considerations 
Although supported amine sorbents were selected as the most advantageous for post-combustion CO2 
capture, these materials must be paired with an effective process able to take advantage of the promising 
properties.  One of the main reasons supported amine sorbents were selected is their greater working CO2 
capacity, which is a result of the highly exothermic reaction between CO2 and the amine.  When carrying 
out a TSA process it is important to control the temperature during both adsorption and regeneration.  
Assuming an enthalpy of reaction of adsorption of -75 kJ/mol CO2 [7,8] the heat removal requirement can 
be easily calculated:  
 
Qads = 0 = mCp T + H        (1) 
 
Solving for T provides the increase in temperature due to the heat of reaction with CO2.  For an 
immobilized amine adsorbent with a working CO2 capacity of 7 g CO2/100 g fresh sorbent, an enthalpy of 
reaction of -75 kJ/mol, and a specific heat capacity of 1.0 J/g·K, the increase in temperature would be 
nearly 80°C.  Assuming that the starting temperature was approximately 40°C, the adsorber would 
increase in temperature to over 120°C.  However, the regeneration temperature for supported amine 
adsorbents is often in the range of 100 to 120°C (i.e. temperature swing of 60 to 80°C between adsorption 
and regeneration), so clearly this undesirable temperature increase resulting from the exothermic reaction 
with CO2 would be prohibitive for a TSA process.  Also, note that this temperature increase calculation is 
actually conservative because the heat generated by adsorbed H2O was not considered.  Approximately 
the same magnitude of heat input would be required in the regenerator, where an endothermic reaction 
occurs.  Therefore, it is equally important to have effective heat transfer during adsorption and 
regeneration.  Note that the sensible heat has not been included and will also increase the cooling 
(adsorption) and heating (regeneration) requirements. 
There are also several other key considerations when selecting a reactor design, including:  
 Capital cost 
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 Footprint 
 Pressure drop 
 Gas solids contacting 
 Operability (i.e. maintenance frequency and annual cost) 
 Constructability 
 
It is worth noting that effective heat transfer and effective gas solids mixing are not decoupled; a well 
mixed system should accomplish both if designed correctly.  Reactor types considered during the 
conceptual design effort included: 
 Fixed beds  stationary systems with internal heat transfer 
 Entrained reactors  sorbent simultaneously reacts and is conveyed using the flue gas in the adsorber 
and (most likely) by a mixture of CO2 and H2O in the regenerator 
 Moving beds  densely packed sorbent moves in the opposite direction as the gas while the gas can 
flow either countercurrent or across the sorbent 
 Staged fluidized beds  a series of fluidized beds in the bubbling regime where the gas moves upwards 
while the sorbent enters at the top bed and leaves the adsorber in the bottom bed 
 Trickle down reactor  sorbent with significant mobility (i.e. not packed) flows counter current to gas 
 
 These systems will be discussed in detail below. 
3. Experimental Methods 
3.1. Sorbent Analysis and Selection 
To date nearly 250 potential adsorbents have been experimentally tested in the laboratory, either in a 
fixed bed or TGA.  The detailed results of this screening program are outside the scope of this 
manuscript.  However, a short description of the key characteristics and how they were measured is 
provided below.  It should be noted that screening and improvement of potential sorbents is an ongoing 
process.  For testing at the 1 MWe scale, the following properties were of key concern: 
 Reaction kinetics 
 CO2 working capacity 
 Cyclic stability 
 Moisture uptake and release 
 Resistance to attrition 
 
The other sorbent properties listed in section 2.2 are important with regards to overall cost and long 
term operations at the commercial scale, but are not as critical when operating at the 1 MWe scale.   
A Perkin-Elmer Pyris 1 TGA was employed to measure CO2 loading at five different partial pressures 
and at nine different temperatures for each partial pressure.  The CO2 partial pressure within the TGA 
assembly was controlled using CO2/N2 gas blends.  A Hiden Analytical mass spectrometer (MS) was used 
to measure the gas concentration immediately above the sample of sorbent.   
Moisture was introduced into the TGA gas stream by passing a portion of the gas through a heated 
bubbler.  The moisture concentration was controlled by changing the bubbler temperature. For the CO2 
loading experiments, a small amount of moisture was included because others have illustrated how 
completely dry conditions may lead to loss of amine reactivity [11-13].  For CO2 loading tests moisture 
levels were calculated at ca. 1% by volume, minimizing its effect on the weight change of the sorbent due 
to CO2 uptake.  Note: TGA experiments conducted at ADA-ES laboratory in Highlands Ranch, CO, 
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(elevation ~1643 m) were operated at less than standard atmospheric pressure; therefore with 100% CO2, 
the CO2 partial pressure was calculated to be 0.81 bar.  
For the CO2 loading experiments the procedure was the same for all the CO2 partial pressures.  
Approximately 5 mg of sorbent was loaded into the TGA sample pan.  The sample was heated by the 
TGA to 120°C with a N2 gas flow of 100 mL/min with approximately 1.5 vol% H2O; this condition was 
held for 120 minutes.  At the end of the 120 minutes, the sample weight was taken as the initial weight 
(i.e. no CO2 adsorbed).  All subsequent step conditions were also held constant for 120 minutes.  After 
the initial N2 purge, the gas was switched to either a N2/CO2 blend or pure CO2, depending on the desired 
CO2 partial pressure, still at 120°C.  The incremental increase in weight at the end of each 120 minute 
step was recorded as the CO2 loading at the test temperature and CO2 partial pressure.  The temperature 
was decreased in 10°C increments until the final temperature of 40°C was reached.  An example of the 
data collected during a TGA experiment with PCO2 = 0.81 bar is provided in Fig. 1. 
 
The moisture uptake on the sorbents, which was important for several reasons, was also measured 
using the TGA.  First, the undesirable uptake of moisture on the sorbent results in an increase in the 
regenerator heat duty due to the enthalpy of vaporization/condensation (assuming that the H2O is 
physically adsorbed).  In addition, in the regenerator the released H2O will necessitate the addition of 
condensers to separate the H2O from the CO2 exhaust.  It should be noted that lower CO2 partial pressure 
in the regenerator will result in a larger CO2 working capacity, but due to the high enthalpy of H2O 
vaporization the overall effect of H2O adsorption is an increased heat duty is due to the adsorbed and 
released H2O.  The details related to the H2O uptake and testing are outside the scope of this manuscript.  
For the sorbent selected for the 1 MWe pilot it is important to note that the H2O concentration in the 
regenerator exhaust will be approximately 10 to 20 vol%.  
Fig. 1. Sample TGA data measured with pure CO2 at ambient pressure (0.81 bar) 
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3.2. Process Analysis and Selection 
Several different methods were employed to determine the optimal reactor configuration of the TSA 
CO2 capture process.  After supported amine sorbents were selected, different reactors were compared 
relative to how such sorbents would be used in such a process.  It was determined that the equipment 
should exhibit optimal mass and heat transfer, which are, of course, closely related in a system with 
effective mixing.  Although the actual overall heat transfer coefficient was measured for some types of 
equipment, that information is considered confidential and publicly available correlations are used to 
determine order of magnitude estimates in this manuscript.   
4. Results and Discussion 
4.1. Sorbent Analysis and Selection 
Although extensive sorbent analysis has been completed, it is outside the scope of this manuscript to 
detail all such experiments and results.  The key tests related to operating of the sorbent in the 1 MWe 
pilot are discussed.  Primarily the CO2 working capacity and the H2O working capacity are discussed.  
The adsorption of CO2 is largely attributable to chemisorption due to reaction between CO2 and the 
primary amine.  The H2O uptake can be largely attributed to physisorption onto the ion exchange resin 
substrate. 
One of the most important sorbent characteristics is the working capacity of the sorbent, which is 
readily calculated using data collected using the TGA.  The actual weight uptake measured at different 
CO2 partial pressures and temperatures is provided in Table 1. 
Table 1. Measured CO2 loading at various temperatures and CO2 partial pressures for the sorbent used as basis for the 1 MWe pilot 
PCO2 (bar) 40°C 50°C 60°C 70°C 80°C 90°C 100°C 110°C 120°C 
0.04 8.11 6.5 5.06 3.71 2.47 1.42 0.67 0.23 0.04 
0.081 9.54 7.97 6.55 5.18 3.86 2.61 1.53 0.76 0.28 
0.15 10.50 9.04 7.67 6.32 4.99 3.58 2.28 1.20 0.48 
0.5 11.90 10.52 9.29 8.11 6.94 5.69 4.53 3.38 2.46 
0.81 12.02 10.76 9.62 8.51 7.48 6.48 5.45 4.37 3.43 
 
The data shown in Table 1 can be described using the Langmuir isotherm, shown in equations (2) and 
(3). 
q/qs = (bCO2PCO2)/(1+bCO2PCO2)        (2) 
and 
bCO2 = b0·exp(- H/RT)         (3) 
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When the Langmuir isotherm equations are used to supplement the experimental data, the result are 
the isotherms shown in Fig 2. 
The isotherms were used to determine the CO2 working capacity.  Note that the highest partial pressure 
shown on Fig 2 (i.e. ~0.81 bar) was recorded with pure CO2.  As mentioned previously, the actual 
regeneration CO2 partial pressure is expected to be in the range of 0.8 to 0.9 bar due to the evolution of 
gaseous H2O.  Therefore, using the adsorption conditions of 40°C and PCO2 = 0.15 bar and the 
regeneration conditions of 120°C and PCO2 = 0.8 bar, the CO2 working capacity is approximately 7 g 
CO2/100 g fresh sorbent. 
4.2. Process Analysis and Selection 
Several reactor types were evaluated.  However, some reactors could quickly and easily be removed 
from consideration based on the stated assumptions and the sorbent CO2 isotherms.  For example, an 
entrained reactor cannot be effectively used to attain acceptable CO2 loadings.  Because the gas entrains 
the sorbent and 90% CO2 capture is required, the sorbent will, at best, reach an equilibrium loading 
dictated by a CO2 partial pressure of 0.015 bar.  Assuming an adsorption temperature of 40°C and a 
regeneration temperature of 120°C and a PCO2 = 0.81 bar the working capacity in an entrained reactor 
would be approximately 1.5 g CO2/100 g fresh sorbent, which is significantly lower than the reported 
working capacity of aqueous MEA [4]. 
A dilute phase trickle down reactor was also considered briefly.  However, novel packing structures 
would be required to maintain good sorbent distribution and effective gas/solids mixing.  In the midst of 
the packing for distribution, heat transfer surface area would be required, which would further crowd the 
space in the reactor.  Optimally the system would become a fluidized bed or moving bed system, which 
were already under consideration, so the trickle down reactor concept was abandoned. 
As has been mentioned previously, significant heat transfer surface area is required to operate a TSA-
based CO2 capture process, but the exact amount of heat transfer surface area depends on the reactor type.   
Widely known empirical correlations were utilized to predict the heat transfer coefficients for moving 
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Fig 2. Langmuir isotherms developed for sorbent used as basis for 1 MWe pilot 
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beds and fluidized beds.  Because this is an order of magnitude estimate, it will be assumed that it applies 
to both fixed beds and tightly packed moving beds because the mechanisms of heat transfer are largely 
similar.  
 
For fixed beds Li and Finlayson [14] provided the following empirical correlation: 
 
      (2) 
which is applicable in the range of 20 < Rep < 7600  
where 
             (3) 
The properties of the flue gas are known from the composition, temperature, and pressure while the 
properties of the sorbent can be estimated for illustrative purposes only and are collected from several 
sources [7, 15-17].  These values are provided in Table 1.  Different particle sizes were used for the 
fixed/moving bed analysis and fluidized bed analysis.  For the purpose of these calculations, the sorbent 
properties remain constant with the exception of particle size.  For the sorbent particle size it is 
unreasonable to propose a fixed bed and a fluidized bed with the same particle size, so the particle size 
has been reduced by a factor of five for the fluidized bed. 
Table 1. Flue gas and sorbent characteristics for sorbent used as basis for 1 MWe pilot 
Property Units Value 
f kg/m3 1.04 
v m/s 1.2 
f  Pa·s 1.9e-5 
Dp-fixed m 0.001 
Dp-fluidized m 0.0001 
kp W/m·K 0.259 
 
The Rep can be calculated using Equation (3) and the values in Table 2.  Under the proposed 
conditions Rep is approximately 67, so the correlation shown in Equation (2) is valid.  Solving for hw in 
Equation (2) yields a value of 121 W/m2·K, which can be used as an order-of-magnitude estimate for the 
fixed bed and moving bed systems under evaluation.   
There are also many correlations available for estimating the overall heat transfer coefficient in 
fluidized beds.  Often, such correlations or data compilations link the Nusselt number to the Rep defined 
in Equation (3).  The Nusselt number of interest can be defined by:  
 
       (4) 
Again the Rep can be calculated using Equation (3).  Everything in the calculation is the same except 
the particle diameter, which has been assumed to be an order of magnitude smaller than that which would 
be used in a fixed bed (i.e., 100 m versus 1 mm).  An integrated plot several of heat transfer correlations 
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compiled by Zenz and Othemer [18-20] can be used to estimate Nu based on Rep.  Assuming a fluidized
bed in the bubbling fluidized bed regime with a void space of approximately 0.7, the Nu is estimated to
be three, which gives an overall heat transfer coefficient of 644 W/m2·K.
Based on the calculations completed, the heat transfer coefficients of a fixed or moving bed can be
projected to be only 20% that of a fluidized bed. To understand whether such a large difference in the
ratio of heat transfer coefficients is expected, experimental work for a different system can also be 
reviewed. Fig. 3 was collected by Xavier et al., [21, 22] to measure the effect of pressure on heat transfer
between a flat surface and glass spheres in an N2 atmosphere.  Although this system differed significantly 
from the conditions that would be present during post-combustion CO2 capture the ratio of the overall
heat transfer coefficient for fixed/moving beds and fluidized beds can be observed from the data.  As the
gas velocity increases the heat transfer coefficient in the fixed bed slowly increases.  Then, as the bed
achieves the minimum fluidization velocity (in the lowest pressure case this occurs at about 0.23 m/s) the
overall heat transfer coefficient increases as a step change from approximately 30 to 270 W/m2·K.  This
large step change clearly demonstrates the advantage of using a fluidized bed for CO2 capture that will
require significant heating and cooling; based on either the data shown in Fig. 3 or the correlations used 
above, the heat transfer surface area for a fluidized bed would be significantly less than that required for a
moving bed or fixed bed.
Clearly, the overall objective for the design of a CO2 capture process is not maximizing the heat 
transfer coefficient, but rather to minimize the overall increase in the levelized cost of electricity.  The
overall increase in the cost of electricity can be attributed to two factors: 1) capital costs and 2) operating 
costs (primarily due to the energy penalty) [4].  It was determined by ADA and Stantec Consulting, Ltd.,
that the installed capital costs and the energy penalty were similar in magnitude.  Therefore, neither
should be neglected during technology development. The operating costs are largely the same for 
different reactor types as long as the sorbent loading is maximized, excluding the impact of pressure drop
Fig. 3. Experimentally measured overall heat transfer coefficient.  The lowest
pressure (open squares) are primarily of interest.  Specifically the purpose of this
figure is to illustrate the step change in the overall heat transfer coefficient when a 
material is fluidized [20,21]
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on operating costs.  To assess the capital costs, order of magnitude quotes from vendors were obtained for 
moving and fluidized beds using the supported amine sorbent.  It quickly became clear that the amount of 
required heat transfer surface area had a dramatic impact on the capital costs.  For staged fluidized beds, 
the total adsorber height as well as the height of each stage was dependent on the heat transfer surface 
area.  In fact, the height of the vessel was primarily determined by the heat transfer surface area rather 
than the kinetics of the fast reacting primary amine functionalized adsorbent.  This is a typical design 
outcome for fluidized bed reactors used for decades in the chemical, petrochemical and energy industries.  
Regarding overall height, the moving beds did exhibit a few advantages.  There was no need for 
headspace as was the case above each bed in the fluidized reactor.  Rather, the sorbent would be packed 
relatively densely as it moved past the heat transfer surfaces.  However, due to the lower heat transfer 
coefficients, the heat transfer surface area required was significantly greater than that of the staged 
fluidized beds, so the total number of reactors was significantly greater, as were the capital costs.   
It is well known that the required heat transfer surface area has an impact on reactor cost.  In fact, 
Peters and Timmerhaus [23] recommend using correlations for heat exchangers to estimate relative costs 
for reactors that are also responsible for large amounts of heat transfer.  The data extracted for Fig. 4 is 
from Peters and Timmerhaus [23] and shows the relative cost for heat exchangers.  Note that the surface 
area and costs are plotted on a logarithmic axis; the costs increase significantly as the heat exchange 
surface increases.  Note that ADA and project partners actually obtained vendor quotes when comparing 
moving bed and fluidized bed heat exchangers.  While these quotes are considered confidential and 
cannot be included in this manuscript, they support the conclusion that the significantly lower heat 
transfer surface area required for fluidized beds results in lower overall capital costs. 
It has clearly been shown that the overall heat transfer coefficient in a bubbling fluidized bed is 
superior to that of other reactor types and that translates into lower surface area.  For this reason, a 
bubbling fluidized bed was selected as the optimal reactor type.  However, a single fluidized bed is not 
optimal for adsorption.  Rather, multiple stages of fluidized beds must be used to increase the loading on 
the sorbent.  A simple schematic of the design of the 1 MWe pilot being designed and constructed is 
provided in Fig. 5.  In the schematic three fluidized beds are shown for adsorption, but the actual number 
Fig. 4. Relative cost for heat exchanger based on surface area from 
Peters and Timmerhaus [22]  
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of fluidized beds must be selected based on the sorbent.  However, while the number of beds may change, 
it is important to remember that the heat transfer surface area is based on the sensible heat that must be 
removed, the enthalpy of adsorption, and the amount of CO2 being adsorbed.  The regenerator is a single 
fluidized bed.  Only one stage is necessary because the goal of the regenerator is to generate high partial 
pressure CO2 and no stripping steam is used.  
 
 
The proposed process meets the requirements defined at the onset of the project for post-combustion 
CO2 capture.  Because the sorbent and flue gas are contacted in a system that approaches counter current 
flow, CO2 working capacity can be maximized.  In addition, as has been discussed the heat transfer has 
been optimized through the use of bubbling fluidized beds.  The optimal mixing that is characteristic of 
bubbling fluidized beds also translates into effective gas/solids contacting. The design of the system 
employed established methods and principles used for gas-solid systems, including gas distribution, in-
bed heat transfer, risers, standpipes, cyclones and diplegs. 
 
5. 1 MWe Pilot Progress 
ADA and its project partners have finalized plans for a 1 MWe pilot using the aminated sorbent in the 
fluidized bed reactor described previously.  The 1 MWe pilot will be installed at a host site provided by 
, which is a subsidiary of Southern Company.  The pilot 
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is scheduled to be ready for operation in 2013.  This 1 MWe pilot represents a significant advancement in 
the development of sorbent-based CO2 capture.  Although extensive laboratory research is being 
conducted to improve and optimize supported amine sorbents, the ADA pilot unit will be one of the 
largest pilot demonstrations in the world of post-combustion CO2 capture on a coal-fired power plant 
utilizing solid sorbents.  The information collected will be used to optimize the process and to highlight 
improvements that will further reduce overall costs for CO2 capture.  The assumptions and technology 
benefits identified during process selection will also be validated.  In this way, the results from the pilot 
testing will lead to a technology development/improvement roadmap that will direct future research 
efforts.   
6. Conclusions 
Much work has been dedicated to the design of potential adsorbents for post-combustion CO2 capture.  
Supported amine sorbents have been identified as the most promising materials to date.  Such sorbents 
will not net any improvements versus other CO2 capture option unless they are used in a process that can 
take advantage of their respective properties.  It has been shown that a staged fluidized adsorber and a 
fluidized bed regenerator operated in the bubbling fluidized bed regime are the optimal configuration for 
the use of supported amine adsorbents primarily because of the effective mixing.  Continued sorbent 
development and demonstration of the proposed process are necessary to continue the progress towards 
achieving a temperature swing adsorption CO2 capture process that will result in a decrease in overall 
costs and energy penalty compared to the benchmark aqueous MEA.   
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